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INTRODUCTION

~ Aluminum alloys of the 7000 Series (Al-Zn-Mg-Cu) have been used in airframe structures
for over 25 years. The aluminum 7075 alloy, whose general chemical composition is given in
Table 1, provides very high strength and stiffness in the T8 temper but is prone to exfoliation
and stress corrosion cracking. The resistance to exfoliation and stress corrosion cracking can
be improved by overaging to the T7 temper, but with a 10--15% loss of strength. The various
time-temperature profiles for reaching the different tempers are listed in Table 2.

In 1974 a new thermal process was described (Reference a,b) for the 7075 Al alloy known
as Retrogression and Resging (RRA), which was reported to enhance the stress corrosion -
cracking (SCC) resistance of 7075—T6 while retaining the T6 mechanical properties.  This
process is applied to material in the T8 condition and consists of short time retrogression or
partial solution trestment st a temperature in the rangs of 200-—-260°C (400—-500°F), followed
by water quenching and then reeging at the original aging temperature of 1219C (260°F). The
exact temperature and time conditions were not given, but the general procedure of finding the
desired conditions was outlined by Cina and Ranish (Reference a). These investigators believed
that SCC was generally associsted with the concentration of dislocations and the presence of
undissolved 7T (MgZnz) in the structure. They developed a thermal treatment to reduce the
dislocation concentration and redissoive the excess n’. Cina suggested that the precipitation
characteristics play an important role in improving SCC and the mechanical properties.

Recently thers have been several excellent papers {Reference c—e) on the effect of
precipitates on the properties of the 7000 Series aluminum ailoys.

The resuits of the various investigators (Reference c~d) are all in agreement on the various
mechanisms that are occurring in the 7075 alioys. They all reves! the existence of spherical
Guinier preston (GP) zones, solute rich clusters and a transition phase . The precipitation
sequence from a super ssturated solid solution (SSS) condition is:

SSS. GP - n"- n° . n @ Temp <190°C

SSS- GP - . n'. n+r @Temp >1909C
where;

GP is coherent

n "'is coherent

n = (MgZny) is semi-coherent

" n = (MgZny) is non-coherent

7= (Al, Zn) 49 Mg33 is non-coherent

In terms of stability

17 > 1> 1n"> G.P. zones.
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There have besn vary few attempts to quantatively correlate the microstructure to the
verious properties of the Al-—-Zn—Mg because of the complex precipitation process that
* occurs in thess alloys. M(Rmd)appmmpmﬂwmoncompnhmve
chesacterization of the verious precipitates.

mmm&utbnmmforﬂw7m0&nualhyshmbnndhwﬂadbv
Lorimer (Reference c). The solution treatment 480°C (890°F) results in a resolution of all
the precipitates. The quench to room temperature resuits in a SSS. The SSS condition starts
to form the coherent GP zones at room temperature. Artificial aging at 1219C (2500F) for
24 hrs. results in the formation of n ", n 'plus some untransformed GP zones. The n ' (semi-
Mt)mmms?mmmblcfortheﬁmgﬂl The T7 overage
results in n (non-coherent) and some n '(coherent) precipitates. The formation of the
non-coherent precipitates results in a reduction of the mechanical properties and the increased
SCC resistance characterized by the T7 temper. Dupiex heat trestments have evoived to take
advantage of various precipitate distributions.

i Figure 1 shows schematically the effect of the time-temperature peraimetric treatment on

I the variations in hardness and/or yield strength observed during RRA (Reference a) treatment.
During retrogression, hardness decreases to a minimum, increases again, going through a maxi-
mum, and then decreases as the material overages. On re-aging the strength is restored to over
95% of the original T8 level and has been shown to exceed the minimum T6 ievel (Reference g).

The most precise way to study the varidus reactions is to follow the changes in the
precipitation reactions on a hot stage transmission electron microscope (TEM) along with
y the specific heat (Cy) associated with the various reactions.

There have been a few studies directsd &t the RRA Process (Reference d—g). They
report excellent stress corrosion resistant properties with maintenance of the T8 strength
level. Wallace et al (Reference g) suggest various prommng heat treatment combinations
starting wtih the T8 condition.

Whenever a material undergoes a change such as precipitation dissolution or reformation
in the solid state, haat is either absorbed or liberated. These processes can be initiated by
raising the temperature of the materisl. A reiatively new experimental spparatus called the
differential scanning caiorimeter (DSC) has been designed to detect these heat changes.

The DSC was designed to determine the enthaiphies of these processes by measuring the

“ ditferential heat flow required to maintain the temperature of the sample of the material

! and an inert reference at the same temperature. DSC is usually progammodtosuna
tempersture range by increasing Iinurly ata predctormmld rate.

ony

This technique was used to characterize the solid state reactions taking place in 7075.
The investigators (References ¢ and h) studied 7075-T661 and T7351 tempers and found
that the high strength T651 (predominately GP zones) contained 3 regions defined as follows:
Region 1 — an endothermic reaction region at lower temperatures.
Region 2 — an exothermic reaction doublet at intermediate temperatures.
Region 3 — an endothermic reaction at higher temperatures. Their resuits (Reference e—h) are
tabulated in Table 3.

8 The temperature at which the reaction is occurring at a maximum rate is defined as a peak
reaction temperature, TprT, for a specific endotherm or exotherm.

The area of the specific endothermic or exothermic regions of the heat flow vs, temperature
curves corresponds to the enthaiphy associated with the reaction occurring over the temperature
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range. These enthaiphies can be utilized to study the various precipitaiton resctions occurring
in the 7000 Aluminum slioy series.

The reiative enthaiphies and temperature limits of the various reactions are an indicstion
of the density of the precipitates, size of the precipitate, volume fraction, and their type.
Higher density and/or volume fraction (larger particles), require more heat. The reistive
degree of stability of a precipitate also determines the hest of solution.

The volume fraction and percent area coverage of grain boundaries of n snd n’ precipitates
affects the fatigue, mechanical fracture toughness and SCC susceptibility of the 7075 alloy.
The DSC thermograms are an indication of the amount of the precipitates, the temperature
of the most rapid reaction, the temperature range over which the reaction occurs, and whether
precipitates are being formed or dissoived. The thermograms can be related to the various
tempers as well as changes in properties.

ure ior of RRA 707%. Further, ltwufoltthattthSC studies would

be an excelient way to characterize RRA since the DSC results for 7076—-T651 and 7075
T7351 have been well established.

EXPERIMENTAL PROCEDURE
MATERIAL

The material used in this investigation was 1 inch (25.4 mm) thick 7075—T651 aluminum
piate obtained from Alcoa. The chemical composition and the differsnt heat trestments are
shown in Tables 1 & 2 (Reference a, b,e—1).

The NAVAIRDEVCEN furnished 12 pieces of 1 inch thick plate (25.4 mm) 7075
sluminum piate in several dimensions to Lockheed, California Co. to perform the RRA
treatment, since at the time they had the exclusive US industrial licenss in accordance with
the Israel Aircraft Industries Patent (Reference b and m). These samples were returned
in the RRA condition to the NAVAIRDEVCEN and the initial heat treatment resuits
reported (Reference m).

RRA PROCESSING

Lockheed reported (Reference m) that the retrogression treatment was performed in
a moiten sait bath to ensure rapid heating. They conducted experiments to find the most
efficient mode of thermal treatment and the time for the material to reach the retrogression
temperature. The retrogression time and temperature was propristary; however, Cina
(Reference a) reported times of 3060 seconds at 250°C (4820F). All retrogressed plates
were re-aged at 1219C (260°F) for 48 hours. A few retrogressed plates were re-aged for 96 hours
to see if there was any further increase in hardness.

ELECTRICAL CONDUCTIVITY

Electrical conductivity tests were made using an eddy current conductivity meter, which
gives conductivity values as a percentage of the international annealed copper standards (% IACS).

A AR AR AN L y o Ty T TN [ X GO ARy
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MECHANICAL PROPERTIES

- Round tensile bars from the edge and the center locations of plate segments in both the
T651 and RRA tempers were prepared and tested. Rockwell-B hardness was measured on the
as-received T851 and on at least 1 plate in each heat treat group.

FATIGUE TEST METHODS

Fatigue Tests

R.R. Moore—type rotating beam fatigue tests (R3—1) were performed on unnotched
d specimens. The axis of the specimen was parallel to the roll direction of the plate
; (longitudinal) (Reference n).

Fatigue Crack Growth and Fracture Toughness

Fatigue crack growth rate measurements were made on compact tensile specimens

(ASTM Standard E399) (Reference 0) 2.4 inch (60.9 mm) x 2.5 inch (63.1 mm) by 1 inch
thick (25.4 mm). The specimens were cycled on a 5000 Ib (22,301N) capacity Krouse direct
stress fatigue machine between loads of 250 Ibs (1113N) minimum and 2300 |bs (10,235N)
maximum (R = 0.11) until crack initiation was observed. The pre-cracked specimens were
then cycled between loads of 150 and 1500 Ibs (668 N and 6680 N) R = 0.10) at a frequency
of 1 hertz on a MTS closed loop servohydraulic machine. Crack length measurements were

9 taken at 1000 cycle intervals with a Gaertner optical micrometer until the cracks propagated

X to a length of approximately 1 inch (25.4 mm) from the load line. At this point fatigue

? cycling was terminated and the speclmens were broken with a rising load for determination of

’ plane strain fracture toughness (K;c) in accordance with the ASTM test method E-399.
Fatigue crack propogatlon rates were calculated by the seven-point incremental poiynominal

: method described in ASTM test method E647 (Reference p).

CORROSION TEST METHODS

Exfoliaton Test

Exfoliation tests were performed on the stepped specimens of 7075—-T651 and the RRA
treated material in accordance with the ASTM G—34 Exco test (Reference q) for 48 hours
(cf. Figure 4). The specimens were machined to expose the midplane (T/2) and aiso the T/4,
T/8 and as rolled surfaces).

Stress Corrosion Tests

C-ring specimens as shown in Figure 5 evaluated in the study were taken from the short
i transverse direction of the plate. Specimens were machined from the 1 inch (25.4 mm) thick
; 7075—-T651 and the RRA plates in accordance with reference (r).

The C-rings were loaded to stress levels of 15 ksi (103 MPa) and 25 ksi (172 MPa) in
replicates of five and exposed in 3.5% NaC1 solution under ailternate immersion conditions
conforming to ASTM G-44 (Reference r). The duraction of the test was 30 days. The C-ring
specimens were inspected for failures (cracks) periodically under 10X microscope when wet.

evata 4 s

NI Rt




P NADC-84096—60

: Double Cantilever Beam (DCB) Test

i DCB specimens 1 inch (25.4 mm) x 1 inch (25.4 mm) x 5§ inch (127 mm), were machined
from 7075—T651 and RRA treated plates, having their length parallel to the rolling direction

J {SL orientation). The schematic of the specimen and its orientation are shown in Figure 6.

%) The specimens were loaded through bolts in the short transverse direction until a crack formed

¢, at the root of the machined notch. The initial crack lengths and the load line displacements

A were used to calculate the stress intensities at fracture (K.). The crack lengths were measured

7, optically using a travelling microscope. The tests were performed in accordance with the

procedure outlined by Hyatt (Reference t) and Sprowis et. al. (Reference u).

DIFFERENTIAL SCANNING CALORIMETRY (DSC)

The Differential Scanning Calorimetric (DSC) technique was utilized to characterize the
various solid state reactions of precipitate dissolution and new precipitate formation. The
deviations from a horizontal reference line are related to solid state reactions resuiting from
heating.

»_» “,.'0”
AWt D BILIFR WL S T

b The calorimetric measurements were made using a DuPont 1090 thermal Analyzer

X containing a DSC module. Sample discs of approximately 7/32 in (0.56 cm) diameter

x 0.050 in (0.127 cm) thickness were prepared and analyzed at the T651 temper, T651 +

RRA, the T735 temper and T851 plus a T651 specimen heat related four hours at 180°C

(356°F) and re-aged at 1200C for 24 hours. A pure aluminum disc was used as a reference.

Runs were made at a heating rate of 10°C/min (18F) over the range from room temperature

- to 480°C (8969F). Dried nitrogen was passed through the calorimeter to minimize oxidation.

. The reference disc and the sample disc were prepared as close to the same weight as possible

i.e. 50%. The calibration factor was frequently checked using pure aluminum as a standard
and was modified to correct for instrument variation. The traces are based on calorimeter

2 data that have been complemented by a temperature-dependent instrument calibration.

‘-: The use of the DSC method has been discussed in detail elsewhere (Reference h).
» TRANSMISSION ELECTRON MICROSCOPE (TEM)

One-mm thick strips were cut from the specimens by a precision cut-off wheel. The thin
foils for electron microscopy were prepared using discs 3 mm in diameter which had been
punched from the strip after mechanically polishing to 0.13 mm in thickness. The discs were
polished using twin jet electrolytic polishing to form microscopic perforations in the center of
the faces.

a¥ele

R

The thinning was performed in an electroiyte of 20% HNg3, 80% CH30H with a current
density of 100—~500 ma/cm2. The bath temperature was —~30°C (—22°F). All the TEM was
done at 100KV using a RCA EMV -3 electron microscope.

NN AN

RESULTS
HARDNESS AND CONDUCTIVITY

AP

Kaneco (Reference m) performed hardness, electrical conductivity, and tensile tests on
each plate heat treated to the RRA condition. The data for the plates used to prepare the
q test specimens in this investigation are presented in Tables 4 and 5. Conductivity of all plates

N 5&1\3‘.«&-:&1:1&&&\&3&2&&5
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rs aging time appears insignificant.

TENSILE paopen‘n‘e_s

Table 4 shows resuits of the as-recsived 7075 plate and the 7073 T8 piate plus the RRA
trestment. The T651 and T7 federal spacifications are included (Reference m).

"The RRA tensile properties are within the T851 specifications as shown by Table 4.

MICROSTRUCTURE

The basic microstructure of 7075--T651 plate consists of ‘’Pancake-Shaped’’ grains which
are almost equiaxed in two dimensions. These contain coarse iron and silicon rich inclusions
which lie in stringers parailel to the rolling direction as shown in Figures 2 and 3 (Reference v).
The grain shape and inclusion disu-lbution sre established during eartier processing and are not
affected by the RRA treatment.

EXFOLIATION RESISTANCE

The exfoliation resistance of RRA tnlud specimens was significantly btter than the
original T851 condition. A comparative evalustion of the two thermal trestments can be
mede from Figure 4. The top row of RRA stepped specimens show only slight corrosion
{some pitting) while the bottom row of T851 specimiins show excessive lameliar corrosion.
The appesrance of the RRA specimens was similar to that oftho T73 temper after exfoliation
testing.

STRESS CORROSION RESIST ANCE

lnTathaeomIvoquationofmc-ringmcorrouonmud'oownforﬂ\e
T651 and the RRA trestment. As weas expected, none of the RRA specimens failed during
this test of 30 days whereas the T651 specimens showed both cracking snd intergranular
corrosion. RRA specimens showed evidence of pitting (cf. Figure 5) but aimost no inter-

granular corrosion. Photomicrographs of C-ring specimens at the high stress ares show the
douils of this difference (Figure 5).

Kiscc AND CRACK GROWTH RATES

The relationship between the crack growth rate (da/dt) and the stress intensity (K;) during
SCC was determined from the double cantilever beam test. The type specimen used is shown
in Figure 6. The T651 and RRA treated specimens were tested in replicate in 3.5% NaC1 solution
at pHB8.5and 2. The results are shown in Figures 7 and 8, respectively. It can be seen that at
both test pH values the crack growth rate for the T651 temper was always much greater than that
of the RRA temper. At high stress intensities, the crack growth rates for RRA were more than
an order of magnitude lower. The threshold values (K gcc) of K4 increased from about
§ MParm (T651) to above 20 Mpav~—m (RRA). The K|gcc value for the RRA specimens is not
very well defined because crack growth rates below a few micron/hr are difficult to messure.
In the T881 condition the K;gc value is very pronounced, as the da/dt vs K1 plots have
aiready shown a vertical siope (independent of K1) at those low crack growth rates. The most
sensitive direction for SCC is the short transverse with the crack propagating in the longitudinal
(or rolling) direction. "Appendix A contains all the test data including those tests (declared
invalid) on specimens oriented improperly. Appendix A aiso describes the details of the DCB
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mmhrummmofmmwmdmmcﬂonformbmmbolwﬂt
of the curve da/dt vs Kj. 3

In the short transverse (S—L) direction in which the threshoid stress intansities, K1gce,
sre lowest, the stress corrosion cracking path is the shortest and the tensile stresses are
practicsily perpendiculsr to the grain boundsries. Resolved stress components normal to
grain boundaries increass the tendency to SCC. |

The resuits are in agreement with Wallace et. al. (Reference g), who preferred DCB tests
in 8 3.5% NaC1 ssa weter solution of 7076 material given an RRA type trestment. The trend
of their deta shows substantial improvement over T8 (Reference g. Wallace et. al.) Reference
g also showed that lower temperatures and longer retrogression times could be utilized.

e
o o4 f

& FRACTOGRAPHIC EXAMINATION
) & : _

The DCB specimens were broken open after the termination of the corrosion tests and
a small rectangular section was taken from the general ares that was to be examined.
Y Macrographs were made of the fracture surface ares of interest. The fracture surfaces were
3 examined for any unusual festures and/or change of festures.
2

Figures 9 and 10 are the repressntative fractographs of the RRA and T851 specimens.
The macrographs shown in the rectangular section (cf. Figures 9 and 10) show the total
7, profile of the fracture face from pre-crack to overioad fracture. The micrographs (in circles)
show the magnified views of the ssiected aress A, B and C. Area A represents the crack growth
duetoscc.nmombtmnmomcktipmdﬂnov«md and C the overioad fracture.

3 In Figure 9, which depicts RRA trested specimens, the fracture mode contains dimple
features (cf. circles A and B). This is characteristic of the behavior of ductile materials on
h fracture and typical of over-ioad fracture (Area C). The fracture morphology of the T651

-

b, specimens shown in Figure 10 is completely devoid of dimples in areas A and 8. In particular
b, area A showed mastly intergranular type of failure with severe corrosion. This is typical of
5 brittle fracture. Ares B which represents the transition region between SCC and overioad

ey shows dimples only in the overioad part. Examination of the T8581 specimen in the crack

,‘ growth region to 1000X magnification did not revesl sny dimpiles. The T851 specimen
b suffered major exfolistion attack, thersfore fast SCC failure. A comparison of the two
B fractured lengths of the specimen faces in Figures 9 and 10 (extreme left photographs) also
;; reveal this difference; the RRA crack length is much smaller than that of the T851.

The fracture surfaces of the T651 temper and the RRA fractured compact tension
specimens were examined for any unusual or different features.

7

' The optical microscope showed that the width of the precipitate free zones were the
P same. The SEM examination of the T8561 and RRA material exhibited fatigue striations,

i microvoid coalescence and secondary cracking. The basic conclusion was that these features

were the same for both tempers.
y TRANSMISSION ELECTRON MICROSCOPE
i
2 A cursory examination of the thin films from the T851 and the RRA material revealed
o that the RRA material had larger and more sbundant large precipitates than the T651. The
: T851 had a higher density of fine precipitates than the RRA material. These conclusions
d are qualitative with more work necessary to quantify the precise precipitate morphitogy.
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DIFFERENTIAL SCANNING CALORIMETER

ThoDSCmfo'moms-Tssl RRA T-7351mdaduplaxhuttrmmmtm
duominmeﬁ-lammTp(mximmmcﬁonm ‘or pesk temp) and temperature
range are summarized in Table 9. The most important characteristic of the DSC scans can be
observed by comparing Figure 11 with 12 and 13. Figure 11 shows an exothermic doublet
which has been analyzed in detail by other workers (Reference b). This doublet wes calied
Region I1. mmmmummnmwml mezmmmrpfor
Region | is grester for RRA-then T861 (Figure 11). The T7351 has the highest To. The
Figires 11—13 show that the region 11 is about the same for ail the specimens.

FATIGUE PROPERTIES

Figures 14 and 15d\owﬂnnwltsofmromingbwnfatiguomforﬂn RRA treat-
ment. A scatter band for all 7078-T8 products (reference w) is siso shown on Figure 14.
Nots that the RRA data falls in the middie of the band and thus is in good agreement with.
the 7075 results.

The data points of the rotating besm fatigue tests are tabulated in Tables 7 and 8. It can
be seen that the fatigue behavior of T881 snd RRA materisi appeer similar. in the high stres
region of the S—N fatigue RRA curve feli slightly below the T651 curve, reflecting the reduced
strength level resuiting from the trestment. The high cycie fatigue strength appeers to be
nmﬂmMﬁ«fthﬂAmm ﬂmuulummexwmmtmd\
Kaneko (Reference f). . ,

FATIGUE CRACK GROWT H RATE

A Houofﬁo?ukwmmwmtdddn-c(&)m)ﬂmwﬂnwmm
rate test results are shown in Figurs 16 snd 17. Tmnmwmmmmmm-
ndeydowfaﬂnRRAmuﬁoltmnformTcm v

FRACTURE TOUGHNESS

Tmemmxcm-.fqmmn-‘rwmmmmﬂnmm
RRA trestment. TheRRAK, values are slightly lower than the T651. Table 9 siso contains
thommofnpomdvdua(ﬂdmx)fwthoﬂsluﬂﬁaslumporinthoLdeTL
orientations. The RRA and T881 both fall within the lower limits of the reported values. The
T851 temper in this investigation has a higher strength than the range of resuits in Table 6 %0
tanmmuldbuxpccudmhmm The RRA K| values are very cioss to the
TE51 ss-received rmluandtho'nsm K range is higher, whnch is characteristic of the
overaged lower strength material

DISCUSSION

The resuits of the comprehensive study conducted by Ardell & Perk (Reference o) will
be very heipful in explaining the significant difference in the properties between 7075-T8
and the material given the RRA heat trestment. These authors anslyzed T8, T7 and a series
of specimens retrogressed at 240°C (484°F). The 60 second retrogressed specimen was
re-aged. It appears likely that this isa similar precipitation mechanism in the presently
reported study.
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The resuits of Ardell & Park (Reference d) indicate the following:

(a) 7075—-T881 consists of a low ares (grsin boundary) fraction covered by particies,
ammmmmmm

~ (b} mmwa-w1m(Wnbwndary)fncﬁon ahrpmunptﬂdo
mmammm

(e} ms-mnaom«zm(mm-mmzwc«zsoomw
48 hours consist of § fine “fraction and particle size similar t0 7075-T78 and a low perticle
density. ﬂwpdmmumwwixknuaupofmymﬂmmn ‘perticles
and a lsrge number of n perticies.

Ardell and Park (Reference d) reported that a 7076—T861 sample subjectsd only to 8
mmmmmmwmmmmammwm
mmmmmmumm Thcmrmmdinﬂn
formation of very fine matrix precipitates believed to b n’.

Poulose et al (Reference y) indnirmeouodonuackimmdvdmdm.dn
number of grain boundary precipitates decressss and as the srea of grain boundary covered
by precipitates incresses, then the crack front velocity decredges. Microstructurs! festures
shown in their study sre very similar to the resuits of A7delt & Park (Reference d). The
nmmomm*ommmwmsccumwmmmm
on the grain boundary and the amount of the grain boundary line fraction covered. The larger
precipitates and lower density rmnunamunmichmm.mwmwm

tates and higher density have a shorter interparticle , Adler (Reference z) showed that SCC
was related to the interparticie spacing st a constant  snd found SBOA® or grester spac-
ing resulted in minimum stress corrosion cracking.

: Mmmmummmum“mm&m(nﬁmo)
'rhoyan (1) the grain boundary cherscteristi¢ of the precipitate, (2) the matrix microstructure
and (3) factors related to hydrogen embrittiement. The hydrogen embrittiement srgument

(Reference c) emphasizes the effects of magnesium segregeted to grain boundaries. The meg-
nesium segregation is non-equilibrium and is aided by vacancies during quenching. Aging allows for
reestablishment of equilibrium by ditfusion. Particles laerger than a certsin size act as nuclestion
sites for hydrogen bubbles, reducing the matrix hydrogen content and hence reducing the stress
corvosion cracking. The results of this investigation indicated that the corrosion follows the grain
boundaries and the susceptibility is controlied by the characteristics of the grain boundary precip-
itates. This does not exclude the other theories, but the grsin boundary expianation ssems the
most fessible at the present. The grain boundary model makes the following assumptions (Refer.
ence I):

(a) The time-to-crack betwesn precipitates is negligible compared to the electrochemical
dissolution of precipitates.

(b) The precipitation fres zone (PF2) is not significant.

{c) The dissolution rate is a function of C/A where A is the anode area and C Is the
cathode ares. The crack growth velocity depends on the dissolution rate.

Some of the microstructurs! festure discussed can be compared with the differentisl

scanning celorimeter which picks up phese changes and/or formation and dissolution of
precipitates,

12
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. The DSC cheracteristics of the microstructures produced in the RRA trestment appeers
0 be similsr to thoes of the T7 tamper. The dissolution enthsiphy, {ares under the hest
curves), for pesk 1 in the RRA material (Figure 12) is greater and broader then the T851
maeterial (Figure 11).

- The most pronounced difference is the peak 11 (exothermic doublet pesk) in Figure 11
for T881, which is absent for the RRA (Figure 12) and T7 (Figure 13). This indicates thet
mmm«mmwmmwmymm”w
transformetion. mTﬂimwnmawﬂwMG’mun “that
Wmimdnmi-mn nwhﬁnindnoxoﬁwmicpuk

The obesrvation that pesk | for the RRA trestrment is broeder and shifted to a higher
temperature compared to T851 indicates either a larger particie size or a higher density of
precipitates in its microstructure i.e. more hest is required to cause dissolution of particies.
Further, since pesk | for RRA falls between T8 and T7, it can be inferred that the RRA
particie size is larger than the T8 but less then the T7. This is in geners! agreement with
the resuits reported by Perk and Ardef! (Reference g).

The abssnce of the exothermic pesk || indicates that the microstructure consists mainly
of n ‘and n; otherwise thers wauid be some 1 “and n forming. Any significant formition of
& precipitates would resuit in an exothermic reaction. There mey be some overisp with pesk |
: or it may be a superposition of muitiple dissolution pesks. There is a need for the clsrification
of the nature of the microstructures produced during aging trestments and an accurate
placement of the phase boundaries. This would sid in further understanding the DSC resuit.

The T851 has & higher density of n "and a lower ares coverage (Reference d). The SEM
nmluinFiwn10mmatﬂnmodonfrmnisimmlwform1undmixod
mode for RRA as indicated in Figure 8. The DCB resuits shown in Figures 7—8 indicate

; tlntthocnckgowthmoumuchﬂowforRRAﬂ\mforTBSI This is what would be
! expected from (s) and (¢) above.

A careful opticsl examination was made of the microstructural festures of the RRA and
B T681 DCB specimens, and no significant differsnce was observed in the precipitate fres zone.
¢ Thus we ruled out the PFZ, which was thought to play a minor role, if any, in the properties
\ examined in this investigation.

The fracture surfaces of T851 and RRA crack growth rate compact tension specimens
were examined with similar resuits.

We can postulate a grain boundary model based on the C/A ratio which is as follows:

1) The smaller precipitates react quickly and act as stress intensifies under the tensile
load to kesp the crack confined to the grain boundary and growing at a higher
velocity.

2 Tholmpmipimn.cfmorulowlymdtmdtobluntthocnck. The crack
; grows st a siower velocity and may become transgranular depending on the stress
: intensity. |
Based on the experimental resuits and the grain boundary features it can be inferred
: : that the C/A ratio is high in the T851, hence the crack velocity is greater, whereas the C/A

13
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ratio is lower in RRA and T7, hence the crack velocity is siower.

mmmuwm:smimbymwmmmmw
dowlrenekmm"wpwmitmim.

Amimndmwbmumumin Figures 1113 is thet for
pesk |, the harder T651 has the lowest Tr (Figure 11), whereas the softer T7 has the highest
Tr (Figure 13). This is consistent with the concept that the strength comes from the myried
of fine coherent precipitates {lower energy to dissoive and/or transform) and the T7 stats
containg larger non-coherent precipitates (grester energy to dissoive and/or transform). The
position of Tr appesrs t0 be consistent with the TEM festures reported by Ardell (Reference d).

The large dissolution pesks thet occur in all tempers (Figure 11~13) are definitely 7
since this is the only precipitate that can exist above 250°C (482°F).

FATIGUE CRACK GROWTH RATE

A detailed SEM examination wes made of the fracture surface of the RRA material
and the T851. There was no significant difference in the appesrancs of the fracturs surfeces.
The improved fatigue properties and the siower crack growth rate couid not be attributed to
sscondary cracks (branching) or the width of the PFZ. Thess resuits are surprising since meny
earlier studies have shown such correlstion (Reference bb). Another factor that mey resuit
in a slower crack growth rates is the surface fres energy of the crack growth. The volume
fraction of precipitatss in RRA structure might result in a higher fres energy of surface
formation. This would require more stress to form a fresh crack surface and would resuit
in a slower crack propagstion. it is not clesr what precipitate in the RRA structure is criticel
to the crack growth rate.

CONCLUSIONS

1. The RRA trestment provided considerable improvement to 7078-—-T6861 1" plate in
resistance to exfoliation and stress corrosion cracking.

2. The tensile properties of the RRA trested alloy are within the acceptable specifications
of the TG temper, but showed some loss of strength from the original.

3. The RRA hest treatment predominately converts the T6 microstructure to a more
stable microstructure similer to T73, aithough further verifications are required.

4. The DSC resuits and the TEM cursory examination indicate that the major differences
between the T8, RRA and T73 microstructurss may be in the relative proportions of the GP
zones, n ‘and 7. The RRA material and the T7 temper DSC thermograms do not have an
::rothcrmolmionz. The T8 temper has an exothermal region thought to be reisted to the

mation of n .

5. The SEM fractographic festures indicate an intergranular fracture mode for the DCB
T851 specimens and a mixed mode for the RRA DCB specimen.

8. There is 3 10% improvement in the high cycle fatigue strength of the RRA material
over the as received 7076-T651.
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7. Thcuiu10—15%Mnctioninﬂnaackgrowd\minmoRRAmhlov«d\c
7078-T&81.

8. The KIC values are similar to the T651 with the RRA matarisl slightly lower. The
SEMMMMMOfﬁQMNMMMMmMmydiﬁmm
the RRA and 7075—-TG851 material. -

FUTURE PLANS
Since the resuits of this investigation look promising, future work is planned to explore
the use of RRA trestment for thicker sections. Some TEM work is being planned to study the
role of the verious precipitates.
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TABLE 1
COMPOSITION LIMITS OF ALUMINUM ALLOY 7075
(MIL—A=22771C 25 August 1960)
Element Weight Percent
Copper 1.2-2.0
Siticon 0.4
iron 0.50
Mangsness 0.30
Magnesium 2.1=2.7
Zinc 5.1-8.1
Chromium 0.18-0.35
Titanium 0.20
Other Element : 0.06
Other Eiement Total 0.15
Aluminum ' Remasinder
TABLE 2

HEAT TREATMENT OF 7075 (Reference a,)

T6: Soilution trest, quench and dge 120°C/29 hours to peak strength.
QQ-A-250/12E requirements: 88 ksi (469 MPa) yield strength minimum and 78 ksi
(538 MPa) tensile strength minimum.

RRA: Start with TG mrorniat 2200C for 1 minute, quench re-sge 120°C/24 hours to

peak strength. .
78 ksi (535 MP3) yield stength and 87 ksi (600 MPa) tensile strength.

T8: Solution trest, quench and 2 stage age (95°C/4 hours + 1559C/8 hours).

Special: Solution trest, quench and 2 stage age (106°9C/6 hours + 1509C/8 hours).

3 3

Solution trest, quench and 2 stage over-age (110°C/8 hours +1779C (8 hours) to
improve stress corrosion resistance. Yield strength and tensile strength 10—-15
percent lower than T6.
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TABLE 7
REACTIONS OCCURRING AT VARIOUS TEMPERATURES DURING
DSC ANALYSIS OF 7075 A1 ALLOY

TEMPER REGION PEAK TEMP. RANGE
CONDITION TEMP, OF (9C) A Hrij/g
Tr °F (°C)
| 369(187) 309-410 05.71
(154—210)
T651 la 440(227) 410-540
(210-282) 5.33
Ib 478(248)
ni 784(418) 540838
' (282—448) 21.8
| 397(203) 324-536
T6561 plus - (162-280) 6.07
RRA "l 784(418) 536—-842
(280-450) 22.6
T7351 | 415(213) 331-531
(166-277) 6.64
" -766(408) 531-828 27.5
(277—-442)
TABLE 8
ROTATING BEAM FATIGUE PROPERTIES OF 7075—-T651 ALUMINUM ALLOY
Specimens No. Stress Cycles to Failure
MPa  (KSI)
A-1 345 (50) 58,000
A-2 276 (40) 364,000
A-3 207 (30) 3,321,000
A4 . 173  (25) 7,856,000
A-5 138 (20) 24,522,000 (NF)
A-6 152 (22) 30,589,000
A-7 138 (20) 59,031,000 (NF)
A-8 145 (21) 37,658,000
A-9 124 (18) 75,345,000 (NF)
A-10 138 (20) 118,637,000 (NF)
Reruns
A-5 414 (60) 41,000
A-8 449 (65) 10,000
A-10 414 (60) 10,000
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' TABLE
ROTATING BEAM FATIGUE PROgER‘I?IES OF 7075—-T651 PLUS RRA
Specimens No. Stress Cycles to Failure
MPa  (KSI)
R1 345 (50 42,000
R2 276  (40) 185,000
R3 207 (30) 3,319,000
R4 173 (25) 26,262,000 (NF)
RS 186 (27) 11,423,000
R6 152 (22) 70,468,000 (NF)
R8 179 (26 3,948,000
R9 159 (23) 75,213,000 (NF)
R10 138 (20) 49,565,000 (NF)
R11 165 (24) 40,642,000
R12 165 (24) 15,428,000
Reruns
R4 414  (60) 18,000
R10 414  (60) 12,000
R6 449 (65) 11,000
R7 345 (50) 39,000
b
2 TABLE 10
b FRACTURE TOUGHNESS K ¢ OF 7075 ALUMINUM PLATE
KCx
i LT Orientation TL Orientation
v Kic Kic
. Temper KSlo in (MPa - m) KS! in (MPa/ m)
o T651 26.97(29.64) 23.02(25.29)
i T651 Pius RRA 26.84(29.49) 22.69(24.94)
" Tes1* 25.28(27.31) 23.26(25.28)
X T7351* 38.32(31.35) 24.37(26.11)
' ad
_f *Reference (x)
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OPTIMUM TREATMENT: ALMOST T6 STRENGTH AND T73
RESISTANCE TO S.C.C. AND C.F.

RETROGRESSION TIME =>»

Figure 1. Schematic Repressntation of the Changes in Hardness
or Strength During Retrogression and Re-Aging.
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Figure 2. Microstructural Montage of 7075—-T861 Aluminum Alloy.
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Figure 4. Comparison of Exposure Plates of 7075 A1 Alloy Tempered to T651

(Top Set) and T6561 + RRA (Bottom Set). Conditions after Exfoliation
> Testing: The Thickness of the Plates Exposed are 1/2, 1/4, 1/8 and the
. Top Surface of Machined 1 Inch Plate.
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SCC C-RING TEST

100 X

X )

RETROGRESSION RE-AGING

Photomicrographs of 7075—T6851 A1 Alloy C-Rings in T8 and RRA
Conditions after 28 Days Alternate Immersion Corrosion Tests in
3.5% NaC1 Solution at a Stress Level of 25 KS| (172 MPa) Showing
Cracks in T8 and only Pitting in RRA Specimens.
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NOTCH DETAIL

Figure 8. Double Cantilever Beam Specimen For S C C Testing.
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% Figure 7. Comparison of Crack Growth Rate and Stress Intensity Data for
: 7075-T651 and RRA Double Cantilever 8eams Specimens in the
Notch Exposed Condition with 3.5% NaC1 Solution At pH 6.5.
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Figure 8. Comparison of Crack Growth Rate and Stress Intensity Data for
7075—-T6851 and RRA Double Cantilever Beam Specimens in the
Notch Exposed Condition with 3.5% NaC1 Solution At pH 2.
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APPENDIX A
DETERMINATION OF STRES6 CORROSION CRACK GROWTH RATE
(DCB TEST)
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APPENDIX A
Determination of Stress Corrosion Crack Growth Rate (DCB Test)
. Stress intensity (K) is calculated from the equation:

K= VEH [3H (8+0.6H)2 + H3] 1/,
4((a+o.el-li5 + H!il -

Where V = Crack opening displacement measured at load line after pop-in crack.

H = beam thickness (specimen max height)
a = crack length messured from load point (Center line of loading boits)
E = Youngs Modulus
da/dt is plotted as  function of K.
The experimental data consisted of crack length messursments as 8 function of exposure

time. It was found that s Parabolic function resuited in the best curve fit. The data wes reduced
by an approprists program to the following form:

2= A+Bt+Ct12 - - - =~ (2
= crlckhmth
t = time’ |
Whers A, B, C etc. are constants $%.wes determined by utilizing a modified program designed o
gmmfwmofolbwimoxpmion | |
N B4 —mmm—mm oo (3) ’

The data reduction for the crack length are summarized in Table 1.
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